studies, including our own, have failed to show that BD increases the rate of sister chromatid exchanges, hprt mutation, Martyn T. Smith 1 or chromosomal aberrations in the lymphocytes of exposed Sorsa et al. (22) were reanalysed on the basis of polymorphisms carcinogenicity to humans remains controversial. Numerin glutathione S-transferase (GST) enzymes, chromosomal ous studies have shown that butadiene and its metabolites aberrations were significantly increased among workers lacking cause sister chromatid exchanges in vitro and in vivo. To the GSTT1 gene (24). test for other types of genotoxicity, the micronucleus assay DEB and MEB previously have been shown to produce and fluorescence in situ hybridization (FISH) have been sister chromatid exchanges, chromosomal aberrations, and hprt used to detect chromosome damage in human lymphocytes mutation in cultured human cells (25-28). Sensitivity of human caused by two reactive metabolites of butadiene, diepoxybucells to DEB and MEB has once again been shown to be tane (DEB) and monoepoxybutene (MEB). DEB (0.5-5.0 dependent on GST genotype (29-31). To expand upon these µM) significantly increased micronucleus formation 4-to studies, we have used the antikinetochore antibody modification 6-fold (P Ͻ0.01) and MEB (1-500 µM) by 2-to 4-fold of the micronucleus (MN) assay in human binucleated lympho-(P Ͻ0.01) over control levels. The ability of DEB and MEB cytes to test the ability of DEB and MEB to produce micronuclei to induce aneuploidy of chromosomes 7, 8, 12, and X was and determine the mechanism involved. We have also tested examined using dual-color FISH in both interphase and the ability of DEB and MEB to produce chromosome-specific metaphase cells. These chromosomes were chosen because aneuploidy using fluorescence in situ hybridization (FISH) of of their involvement in leukemogenesis. Both DEB and interphase and metaphase cells. Since aneuploidy of chromo-MEB caused dose-dependent increases in hyperdiploidy of somes of 12 and X is commonly observed in lymphocytic chromosomes 12 and X, but had no discernible effect on leukemias, and aneuploidy of chromosomes 7 and 8 is comchromosomes 7 and 8. These results suggest that DEB and monly observed in myeloid leukemias, we have tested the MEB cause chromosome-specific aneuploidy in human ability of DEB and MEB to produce aneuploidy of these four cells. If formed in sufficient amounts, DEB and MEB may chromosomes in cultured human lymphocytes. Further, we produce chromosome damage of the type found in leukemia have compared the effects of the BD metabolites with those following exposure to butadiene.
Introduction
Materials and methods 1,3-Butadiene (BD*) is a carcinogen in rodents (1-4), but its Blood donors, cell culture and slide preparation potential carcinogenicity to humans remains controversial
The majority of the experiments described here were performed using (5, 6) . Several epidemiological studies have demonstrated that peripheral blood from a healthy non-smoking male. Peripheral blood from workers exposed to BD have excess mortality due to lymphatic three other male donors was used for additional experiments. The heparinized whole blood (0.4 ml) was cultured in a final volume of 5 ml RPMI 1640 and hematopoietic cancers (7, 8) , but other investigators have supplemented with 10% fetal bovine serum, 1% phytohemagglutinin (Pharmaquestioned the methodology used in these studies and have cia Biotech, Piscataway, NJ), 1% glutamine, and 1% penicillin-streptomycin suggested that BD is not carcinogenic to humans (9) (10) (11) . The at 37°C for 72 h in a 5% CO 2 moist atmosphere. Cytochalasin B (Sigma, St
International Agency for Research on Cancer (IARC) has
Louis, MO) (6 µg/ml) was added at 44 h incubation for the MN assay. Colcemid (0.1 µg/ml) was added to some cultures at 68 h to prepare metaphase concluded, however, that 1,3-butadiene is probably carcinospreads. At 72 h, lymphocytes were isolated using a Ficoll-Paque density genic to humans (12) , and recent reports support that conclugradient, washed with PBS, and spun onto glass slides using a cytocentrifuge sion (13, 14) .
(Cytospin-II, Shandon, Sewickley, PA). After allowing the slides to air-dry, BD and its metabolites, 1,2:3,4-diepoxybutane (DEB) and they were fixed in methanol for 15 min, air-dried, and stored desiccated, under 1,2-monoepoxybutene (MEB) have been shown to be genotoxic a N 2 atmosphere at -20°C. In FISH assays, at 72 h following the initiation of the culture, the cells were incubated with hypotonic solution (0.075 M KCl) in a variety of test systems. In the mouse, in vivo for example, for 20 min at 37°C and fixed three times with methanol:glacial acetic acid BD causes DNA alkylation (15, 16) , sister chromatid exchanges (3:1) . The fixed cells were dropped onto glass slides, then allowed to air dry, (17), micronucleus formation (17), chromosomal aberrations and stored at -20°C under a N 2 atmosphere. (18) , and mutations in the hprt gene (19) . Mutation at hprt in
Chemical treatment
circulating T-lymphocytes has also been described in a human
The cultured cells were treated with DEB (Aldrich, Milwaukee, WI) from 24 population exposed to BD at~1-3 ppm (20) . However, other to 72 h of culture in T 25 flasks to allow gas exchange, or with MEB (Aldrich, Milwaukee, WI) from 24 to 44 h of culture in 5.5 ml air-tight glass tubes. DEB and MEB stock solutions were freshly prepared for each experiment *Abbreviations: BD, 1,3-butadiene; DEB, 1,2:3,4-diepoxybutane; MEB, 1,2-monoepoxybutene; CH, chloral hydrate; MN, micronuclei; MN-cells, micronand diluted in sterile H 2 O. All the treatments were performed in duplicate for each dose. The volume added to each culture was 100 µl. Chloral hydrate ucleated cells; FISH, fluorescence in situ hybridization.
(Sigma, St Louis, MO) and H 2 O alone were used as positive and negative controls.
Staining and scoring MN assay. Treated cells were stained with an antikinetochore antibody (Chemico, Temecula, CA) essentially as described by Eastmond and Tucker (32) . Briefly, slides were incubated at 37°C in humidified chamber with the antikinetochore antibody for 1 h, washed twice in PBS containing 0.1% Tween 20 (Fisher, Fair Lawn, NJ), and then incubated with fluoresceinated goat antihuman IgG for 1 h. After washing again, slides were stained with 4,6-diamidino-2-phenylindole (DAPI, Sigma, St Louis, MO) in Vectashield Mounting Medium (Vector, Burlingame, CA).
Randomized and coded slides were scored using a Nikon microscope equipped with epifluorescent illumination and filters for fluorescein (excitation at 470 nm, dichroic at 510 nm, barrier at 520-560 nm) and quinacrine (excitation at 400-440 nm, dichroic at 450 nm, barrier at 470 nm). Scoring criteria and procedures for the measurement of replicative index have been described previously (33).
FISH assay. Rapid dual-color staining of two centromeric chromosomal probes (biotin-labeled chromosome 12 and digoxigenin-labeled chromosome X, biotin-labeled chromosome 8 and digoxigenin-labeled chromosome 7, Oncor Inc., Gaitherburg, MD) was used. Areas with an optimal density of cells in prepared slides were marked. These areas were stained essentially as described by Eastmond and Pinkel (34) . Briefly, the cell DNA was denatured in 70% formamide in 2ϫSSC (0.3 M sodium chloride and 0.03 M sodium citrate, pH 7.0) at 72°C for 3 min. Then the slides were quickly removed to ice-cold 70%, 85%, and 100% ethanol series to dehydrate and air dried. The hybridization cocktail consisted of 1 µl of probe chromosome 12 or 8, 1 µl of probe chromosome X or 7, 1 µl of salmon sperm DNA, and 7 µl of MM2.1 hybridization mix (55% formamide; 1ϫSSC; 10% dextran sulfate). This probe mixture was denatured at 70°C for 5 min and rapidly removed into ice. The denatured probe was applied to the marked regions on the pre-warmed slides at 37°C on a slide warmer. The slides were then cover-slipped and incubated overnight at 37°C in a humidified chamber. Post hybridization washes were in 0.5ϫSSC at 72°C for 5 min. The slides were stained in a dual-color detection solution with 20 µg/ml anti-digoxigenin (Boehinger-Mannheim) and 20 µg/ml FITC-avidin (Vector) in 0.1 M phosphate buffer (pH 7.0) for 15 min at 37°C. After three washes in PN buffer (0.1 M sodium phosphate containing 6% 0.1M sodium phosphate monobasic, pH 8.0) of 3 min each with intermittent agitation at room temperature, the hybridization signal was amplified once using a biotinylated goat anti-avidin antibody (Vector, Burlingame, CA) and then fluorescent-conjugated avidin. DAPI (0.25 µg/ml) in Vectashield Mounting Medium (Vector, Burlingame, CA) was used as DNA counterstain.
All scoring was performed from coded slides using a Nikon microscope equipped with epifluorescent illumination, a 100ϫ oil immersion lens and a triple-band pass filter for DAPI/FITC/Texas Red (excitation at 405 nm, 490 nm, and 570 nm; emission at 460 nm, 525 nm, and 635 nm). One thousand cells per dose from each treatment (3000 cells from the control) were scored in two spots on one slide. The nuclei appeared blue with bright green spots (FITC, chromosome 12 or 8) and red spots (Texas red-labeled, chromosome X or 7) indicating the hybridization regions. Both the number of interphase nuclei with 0, 1, 2, 3, and ജ4 spots of each color and the total number of Fig. 1 . Effects of 1,2:3,4-diepoxybutane on micronucleus induction in scored cells were recorded. The standard scoring criteria for interphase (35) human lymphocytes. (a) Total micronuclei; (b) kinetochore-positive and metaphase cells (36) was used as described previously.
micronuclei (MNK ϩ ); and (c) kinetochore-negative micronuclei (MNK -).
Data presentation and statistical analysis
Data from three separate experiments are shown. Micronucleated cell and FISH data are presented in tabular form. Statistical analyses were performed using a one-tailed Fisher's exact test to compare the micronucleated cell, hyperdiploidy and monosomy frequencies between control and each chemical treatment. Critical values were determined by a 0.05 isolation. DEB produced a dose-dependent increase in the probability of type I error.
Micronucleus formation was also expressed in terms of total micronuclei number of micronuclei per 1000 binucleated cells (r ϭ 0.85, allowing for separation into kinetochore-positive and -negative categories.
Pϭ0.0001; Figure 1a ). This increase was ജ5-fold over the level Table I ). Only at concentrations elevated frequencies of total micronuclei, kinetochore-positive and -negative Ͼ5.0 µM DEB were significant toxicity and a decrease in micronuclei, the Generalized Linear Model was used while chemical concentrareplicative index observed (data not shown). Chloral hydrate, tions were transformed (after adding 1 to each concentration) by log.
the positive control used in these experiments, produced añ 3-fold increase in micronucleated cells. DEB was, therefore, Results clearly a powerful inducer of micronuclei in lymphocytes from Micronucleus induction by DEB and MEB in human this human volunteer. lymphocytes
The nature of the micronuclei induced by DEB is shown in Figure 1b and c. At lower doses of DEB (Ͻ1 µM), the Whole blood was cultured for 24 h and treated with either chloral hydrate at 500 µM or DEB at 0.1-5.0 µM for an proportion of kinetochore-positive and -negative micronuclei was approximately equal. However, at the highest concentration additional 48 h. Lymphocytes were harvested using Ficoll using chloral hydrate was therefore also employed. It was found that a 20 h exposure to both MEB and chloral hydrate caused a significant increase in the number of micronucleated cells (Table I) and total micronuclei (Figure 2a) . With chloral hydrate, the level of micronuclei almost doubled and that obtained with MEB showed a clear dose response (r ϭ 0.69, P ϭ 0.007; Figure 2a ) rising to a 4-fold increase at 500 µM (Table I, Figure 2a ). As with DEB, both kinetochore-negative and kinetochore-positive micronuclei were induced by MEB (Figure 2b and c) . The concentration of MEB required to induce a significant increase in micronuclei was as low as 1-10 µM. MEB at 10 µM for 20 h induced a similar level of MN as DEB at 0.5 µM for 48 h.
Induction of hyperdiploidy by DEB and MEB in cultured interphase lymphocytes
The demonstrated ability of DEB to induce kinetochorepositive micronuclei strongly suggests that it is also an inducer of aneuploidy. We therefore tested the ability of DEB to induce aneuploidy of chromosomes 7, 8, 12, and X, using dual-color but did cause dose-dependent increases in hyperdiploidy of chromosomes 12 and X. The level of hyperdiploidy induced by DEB at 1.0 and 5.0 µM was approximately the same as that induced by 500 µM chloral hydrate. However, in contrast tested (5 µM) the proportion of kinetochore-negative micronuclei rose dramatically. This resulted in a highly signito DEB, chloral hydrate induced similar levels of aneuploidy of all four chromosomes (Table II) . ficant (P ϭ 0.002) linear dose-response for the production of kinetochore-negative micronuclei. The dose-response curve
The effects of MEB were very similar to those of DEB. The levels of hyperdiploidy of chromosomes 7 and 8 were for kinetochore-positive micronuclei tended to plateau but still showed a significant linear trend (P ϭ 0.023). These data unaltered by MEB exposure. Exposure to chloral hydrate about doubled hyperdiploidy levels of all four chromosomes showed that DEB is potentially capable of causing both chromosome breakage (clastogenicity) and alterations in chro- (Table II) . In whole blood cultures exposed to MEB for 20 h there was a significant induction of hyperdiploidy of mosome number (aneuploidy).
MEB is a volatile compound and it was therefore necessary chromosomes 12 and X. Only the highest concentration of MEB (500 µM) induced a significant increase in hyperdiploidy to treat cells in an air-tight tube. This only allowed for a 20 h exposure to MEB as opposed to the 48 h exposure used in of chromosome X, but all concentrations of MEB, from 1-500 µM, caused significant increases of hyperdiploidy of experiments with DEB. A simultaneous 20 h positive control (Table IV) . The four donors were of different GSTT1 and able to produce chromosome specific-aneuploidy and has effects of most significance on chromosome 12.
GSTM1 genotypes. The principal donor (#1) used in all experiments described above was GSTT1 and M1 null, as Induction of aneuploidy of chromosome 12, but not 7, by DEB determined by PCR-based procedures (37,38). Aneuploidy of in metaphase cells chromosomes 8 and 12 was determined using interphase In order to further test the specificity of DEB's aneuploidycytogenetics in 1000 cells per dose group from the blood of inducing effects, we studied the effect of DEB in metaphase each donor after 48 h exposure to 0, 1, or 5 µM DEB. cells prepared from the same cultures used for the interphase A selective hyperdiploidy inducing effect of DEB on chroanalysis. Aneuploidy of chromosomes 7 and 12 were studied mosome 12, but not chromosome 8, was observed in three out simultaneously using dual-color FISH. Chromosome 12 was of the four donors (Table IV) . One donor, who was both chosen because of its apparent high sensitivity and chromosome GSTT1 and M1 positive, showed no increase in hyperdiploidy 7 because we have found this chromosome to be highly of either chromosome 8 or 12 following DEB treatment. sensitive to the aneuploidy inducing effects of other chemicals This donor also failed to respond to DEB with regard to (unpublished data). Because metaphase analysis is much more micronucleus induction, whereas the other three donors all time-consuming than interphase analysis we examined only responded significantly and about equally (data not shown). The the effects of DEB at 1 and 5 µM (Table III) . The data selective hyperdiploidy-inducing effect of DEB on chromoconfirmed our findings in interphase cells, in that DEB had a some 12 is therefore not restricted to a single donor. selective hyperdiploidy-inducing effect on chromosome 12 causing a significant 2-3-fold increase at 5 µM. The same Discussion concentration of DEB in the same cells had no significant effect on hyperdiploidy levels of chromosome 7. Monosomy
Here, we report clear evidence that two metabolites of 1,3-levels of chromosomes 7 and 12 however, were equally affected butadiene, DEB and MEB produce aneuploidy and micronuclei by DEB, being doubled at 1 µM and tripled at 5 µM (Table III) .
in human cells in addition to their previously described Induction of chromosome-specific aneuploidy in donors of genotoxic effects. Both DEB and MEB were potent inducers different GST genotypes of micronuclei and aneuploidy being effective in whole blood cultures at concentrations as low as 1 µM. In other genotoxicity There was also the possibility that the chromosome-specific effects described above were exclusive to the blood donor used assays MEB has only been shown to be effective at concentrations of ജ25 µM (27,28,39). Thus, MEB may be especially in the experiments. We therefore examined the aneuploidyinducing effects of DEB in blood from four different donors effective at inducing malsegregation of chromosomes leading to aneuploidy as compared with the induction of other forms aneuploidy, other than spindle poisoning, are numerous. Since of genotoxicity. DEB was somewhat more potent than MEB they are both also clastogens and cause strand breakage, it is at inducing aneuploidy and micronuclei because it produced possible they cause chromosome 'stickiness' or the formation larger-fold increases at similar concentrations. It should be of unresolved recombination structures. It is also of interest remembered, however, that MEB exposure was for only 20 h that topoisomerase II inhibitors have recently been shown to as compared to 48 h for DEB, because of the volatility of cause aneuploidy as well as chromosome breakage (45) . It MEB, and thus direct comparisons of the potency of the two would therefore be of interest to test the ability of DEB and compounds are not really possible in this system. MEB to inhibit topoisomerase II. Our findings with DEB and MEB are consistent with the We were concerned that the selective effect observed in recent observations of Xiao et al. (40) in mice. These workers interphase cells was an artifact of the FISH procedure. This used centromeric DNA probes to characterize micronuclei in caused us to examine metaphase spreads prepared from the mouse bone marrow and concluded that butadiene, DEB, and same blood cultures. Using dual-color FISH, the effects of MEB had not only strong clastogenic (chromosome-breaking) DEB on chromosomes 7 and 12 were compared. In agreement properties, but were also aneugens (aneuploidy-inducing comwith the interphase data, we found that DEB produced a highly pounds) in mice. In the present study, we demonstrate that significant increase in hyperdiploidy of chromosome 12 but DEB and MEB induce significant increases in both kinetochorehad no effect on hyperdiploidy of chromosome 7. Interestingly, negative and -positive micronuclei showing that they have monosomy (the loss of one chromosome) of both chromosomes both clastogenic and aneugenic properties in cultured human 7 and 12 was increased equally by DEB. It is not possible to lymphocytes.
determine monosomy rates in interphase cells by FISH because Since both DEB and MEB produced significant doseof probe overlap (34) , and so comparison with metaphase data dependent increases in kinetochore-positive micronuclei, we is not possible. We were also concerned that the selective investigated their ability to produce aneuploidy by FISH.
hyperdiploidy-inducing effects of DEB on chromosome 12 Initially, their effect on chromosomes 7, 8, 12, and X was may be specific to the male donor used. We therefore tested examined using centromeric probes in interphase cells. We the effects of DEB on hyperdiploidy of chromosomes 8 and chose these particular chromosomes because of their reported 12 in blood from four donors of different GST genotype. involvement in the development of leukemias. Monosomy of Similar selective effects of DEB on chromosome 12 were chromosome 7 and trisomy 8 are commonly found in myeloid observed in other donors, supporting our belief that the leukemias (41,42); trisomy 7 in multiple myeloma (43) ; and selective effect is real. trisomy 12 and X in lymphocytic leukemias (42, 44) . To our
The potential reasons why DEB should (i) selectively elevate surprise we found that both DEB and MEB significantly altered the rate of hyperdiploidy of chromosome 12 but not 7 or 8; the level of hyperdiploidy of chromosomes 12 and X but had and (ii) have equal effects on loss of chromosomes 7 and 12 no discernible effect on chromosomes 7 and 8. We switched are unclear to us at this time. It is of interest that hyperdiploidy the color labeling of the probes and still found the same of chromosome 12 is most commonly associated with selective effect (data not shown). The selective effect of DEB lymphocytic leukemias, lymphoma, and seminoma (46) . These and MEB on chromosomes 12 and X was in stark contrast to forms of cancer have been associated with exposure to 1,3-the effects of the known aneuploidogen chloral hydrate, which butadiene (5) . Further, to the best of our knowledge this is the produced equal increases in the hyperdiploidy rates of all four first report of a chemical having a highly specific, selective chromosomes examined. If the selective effect of the butadiene aneuploidy-inducing effect on some chromosomes but not on metabolites is real and not an artifact of the FISH procedure, others. Just how selective this effect is must await further it suggests that DEB and MEB produce aneuploidy by a study by spectral karyotyping or some similar technique and, different mechanism to chloral hydrate, which is considered a if found to be real, mechanistic explanations must be sought. spindle poison.
Mechanisms by which DEB and MEB could induce This is a goal of future research in our laboratory.
